Abstract: This paper describes an empirical model of aerodynamic drag for a range of body positions commonly used in alpine skiing. In order to calculate the drag coefficient (CD), a method for calculating the frontal area of an alpine skier, inside a wind tunnel, was used with an uncertainty of 0.012 m 2 . The general model for aerodynamic drag was based on measurements from one alpine skier. To make the model applicable for athletes of different body sizes and shapes, an investigation of individual adjustments of the model was made, based on measurements of four alpine skiers. The results showed a variation of ±1.4% in the drag coefficient between the different subjects. The frontal area in a reference position was considered a suitable scaling variable. Validations showed an uncertainty of ±3% for the individually adjusted model.
Introduction
Alpine skiing is a highly competitive sport, where the winning margins often are in the order of a hundredth of a second. Good performance analysis tools are therefore important to get an understanding of where an athlete is gaining and losing time. The Norwegian ski federation (NSF) uses a differential global navigation satellite system (dGNSS) [1, 2] , to analyze the performance and calculate the trajectory of the skier. By calculating the derivative of the velocity vector, the system can also estimate the total instant breaking force acting on the skier. The breaking force is the sum of the aerodynamic drag force and the ski-snow friction force. The technology can however not determine how much of the breaking force is due to the ski-snow friction and how much is due to the aerodynamic drag force. The drag force can constitute as much as 80% of the total breaking force in the speed disciplines downhill and super G, and a better understanding of the drag force is therefore desirable.
Although it is known that the aerodynamic drag causes most of the breaking force in the speed disciplines, most of the research done in alpine skiing is done on ski-snow friction. Determination of the drag force is complex. It is determined by variables such as the relative velocity, the frontal area of the skier, the shape of the skier and the skier's suit and equipment. Many of these factors are continuously changing throughout a race. The factors frontal area, shape of the skier, the skier's suit and equipment are all compiled in the variable called the drag area (CDA).
Investigation of different ways to model the drag force on an alpine skier is previously carried out by M. Supej et al. [3] and F. Meyer et al. [4] . With the help of a model of the drag area one should be able to determine both the drag force and then also the ski-snow friction force and thereby determine what is causing a time loss. A good understanding of how the drag is changing with respect to the position of different segments of a human body is also desirable in a race situation for an alpine skier. A skier with good knowledge of how the drag depends on the body position will have an advantage compared to others by always choosing the most aerodynamic position possible. The coaches could also use this knowledge when analyzing videos after a race.
The aim of this paper was to make a complete data base of drag area with respect to the position of different body segments, used to explain a complete range of body motion in alpine skiing. This data base was used to make a programmatic model that uses the angles between the different body segments as input to compute CDA.
Materials and Methods

Wind Tunnel Testing
The experiments were carried out in a wind tunnel at the Norwegian University of Science and Technology (NTNU). The test section of the wind tunnel is 1.8 m high, 2.7 m wide and 12.5 m long and uses a 220-kW centrifugal fan to produce wind speed up to 25 m/s. The drag force FD was measured with a Schenck six-component force balance and the wind speed with a pitot-probe mounted upstream in the wind tunnel. Alpine bindings were mounted directly to the force plate. A live video feed showing the side and rear view of the skier was projected on the wind tunnel floor in front of the skier. Guidelines were added in order to help the test subject keep a consistent position.
The velocity was set to approximately 20 m/s and the sampling time to 30 s, so the test subject should be able to maintain the same position throughout the sample time. For every position, three measurements were performed and the mean value was calculated. At the start and the end of each sample a picture was taken of the test subject. This was done to evaluate if the test subject had maintained the desired position and to estimate the frontal area. The angles of the knees, hips, arms and elbows were measured manually. Example pictures with measured angles are shown in Figure 1 . The angles of the hip and the knee were considered dependent on each other and the measurements of the knee flexion and the hip flexion were made together. The knee angle and the hip angle were defined as 180° in an upright position and range down to 0° by flexion. The arm angle was defined as 90° with the arms straight out to the side and 0° with the arms along the torso. The elbows were defined as 180° when pointing to the side and 90° when pointing forward by elbow flexion. A reference position was chosen as an upright position with both arms to the sides. This corresponded to 150° in knee angle, 160° in hip angle, 90° in arm angle and 180° in elbow angle, shown in Figure 1 .
Frontal Area Measurements
Pictures from a camera behind the test subject ( Figure 2a ) was used for the frontal area measurements. A setup with small lamps was used to illuminate the background, and create a sharp silhouette. The resulting image is shown in Figure 2b . The frontal area was calculated by counting black pixels from a binary image. A calibration factor, representing pixels per square meter, was set from measurements of two different cylinders with known area. A low threshold pixel value was set to ensure that none of the pixels on the test subject would turn up white. Some unwanted regions in the picture turned up black and were manually cut out of the picture afterwards. The region around the test subject's legs was also too dark and it was cut out of all pictures. The picture after cutting out the unwanted black regions is shown in Figure 2b .
The frontal area in the region around the test subject's legs was computed by manually marking the region in 20 different pictures. The average area from the 20 pictures was added to the frontal area of the picture. The uncertainty of the frontal area measurements was calculated to be ±0.012 m 2 by using the root mean square error from nine pictures in the same position.
Blockage Correction
Doing experiments on an alpine skier in a closed wind tunnel, the test subject will take up some of the space in the cross section. The flow around the subject will act differently than outside in an alpine hill because of the walls in the wind tunnel. This error is called blockage error and it has to be taken into account when doing measurements in a closed wind tunnel [5] . Maskell suggested the equation
for estimating the wake blockage in a closed wind tunnel. Cdu is the uncorrected coefficient, Cdc is the fully corrected drag coefficient, A is the projected frontal area of the object, S is the area of the cross section of the wind tunnel and is the blockage constant. The blockage constant is an empirical constant and it is determined by the base pressure coefficient and the aspect ratio estimated to be = 2.58, by estimating a constant aspect ratio of a human body of 3 [6] . Rearranging Equation (1) and inserting the values for and S, the corrected drag coefficient becomes
Model Description
The model was based on three different regression schemes made from the results from the hipknee motion, arm angle and elbow angle experiments. The model was based on percentage change in CDA from the reference position, the CDA value in the reference position was defined from a wind tunnel measurements. The input variables were the knee angle, hip angle, right and left arm angles and right and left elbow angles. The hip-knee scheme computed a percentage CDA, relative to the reference position defined. The arm and elbow angles were then used to compute the relative percentage change in CDA resulting from the right and left arm and elbow respectively. This was added or subtracted from the value computed by the hip-knee scheme. The arms and elbows were assumed independent of each other. Therefore, it was assumed that the right and left arm and elbow each contributed with half of the change in the CDA. The model can also easily be modified or expanded with new results or other input variables.
Results and Discussion
Hip-Knee Motion
The CDA value for the reference position (at 100%) for the test subject was measured to 0.412 m 2 , after taking account for the blockage correction by using Equation (2) . Taking account for the blockage correction is here essential since the frontal area from the highest to the lowest position changes with 41.8%. The tendency of the results and the measured points are illustrated in Figure 3a . Based on these results, the slope in both the knee angle-direction (y-axis) and the hip angle-direction (x-axis) were assumed to be constant for hip angles greater than 90°. The same was found for hip angles smaller than 90°, but with a different slope. The regression model was therefore split in two linear parts, one for hip angles smaller than 90° and one for hip angles greater than 90°. The regression model is shown in Figure 3b . The change in frontal area from the defined reference position to the lowest position was 41.2% and the change in the drag coefficient CD was 23.1%. This means that the frontal area has the greatest contribution to the change in CDA. This can explain why the change in CDA is greater for the hip angles ≥90°. A big part of the frontal area of a human body is from the hip and up to the shoulders, and by decreasing the hip angle this area is effectively reduced. The coefficient of determination for the regression scheme was calculated to R 2 = 0.982.
Arm and Elbow Angle
For the arm and elbow scheme relative change in CDA was measured with three different knee and hip angles. The reference position of the arm was defined as 90° and the measurement and the regression scheme is shown in Figure 4a , the reference position of the elbow was defined as 180° and the result and the regression scheme is shown in Figure 4b . The measurements were done on two different test subjects. TS2 was the same test subject as for the hip-knee motion, TS1 was from a preliminary experiment. For the arm angle greater than 0° the frontal area is assumed constant and the changes are only due to CD. The changes in CDA for the elbow angle is proportional to the changes in the frontal area. The coefficient of determination was calculated to be R 2 = 0.953 for the arm scheme and R 2 = 0.993 for the elbow scheme.
Validation of the Model
To make the model universally applicable for athletes of different body sizes and shapes, measurements were done on four different test subjects (TS3, TS4, TS5 and TS6) all professional athletes from the Norwegian national team. The goal of this experiment was to determine how both CDA and CD are changing for different body shapes and sizes and to use this information to find an individual adjustment factor for the model. The results in the percentage change from the reference position down to the lowest position (the hockey position) showed only small variations between the test subjects. The frontal area was calculated in order to separate the two variables, CD and A. Mean values in both the reference position and the hockey position were calculated from the four test subjects in this experiment and the one test subject used earlier (TS2), and the results are shown as a percentage difference relative the mean value in Figure 5 . An interesting result from this experiment was the small changes in CD for the different test subjects in the reference position. The difference in frontal area was for instance 17.1%, between TS2 and TS6, while the biggest difference from the mean value of the drag coefficient was only 1.4%. This was in the range of the uncertainty of the frontal area measurements, and therefore the drag coefficient was determined to be a constant value of CD = 0.725 in the reference position, the mean value of the test subjects. Based on these results it was assumed that only the projected frontal area in the reference position was needed as individual input into the general model. With a constant percentage change from the reference position to the hockey position, no adjustments had to be made for the slopes in the model, and a constant CD implied that the only variable that then had to be changed for individual adjustment was the frontal area in the reference position of the test subject. By using the model based on measurements made on TS2 and only changing the frontal area of the test subjects, the model was validated for the other four test subjects in three different positions and compared to experimental results, shown in Figure 6 . As can be seen from Figure 6 all the experimental values lie in the range of ±3% of the values computed by the model. This should be in the range of the expected uncertainty of the experiments. In addition there is the uncertainty associated with the wind tunnel measurements in comparison to real outdoor conditions.
Conclusions
A database of CDA values for a range of body positions commonly experienced in alpine skiing has been made from wind tunnel measurements. From this an empirical model that calculates CDA based on angles between different body segments has been introduced with an uncertainty of ±3%. A new method for calculating the frontal area inside a wind tunnel producing results with an uncertainty of ±0.012 m 2 was used. The model was tested and validated on four different test subjects and showed that the percentage relative change in CDA from the highest to the lowest position was constant, and that CD was constant for different test subjects standing in the same position. The only parameter needed for personal adjustments of the model is the frontal area of the test subjects in the reference position. By changing this parameter only, the model retained an uncertainty of ±3%.
